emissions are caused by circulation of high frequency common mode currents generated by steep variations of the common mode voltage.
Introduction
In modem electric drives, strong conducted Electro-Magnetic Emissions (EM]) are caused by circulation of common mode capacitive currents, that, although present in any electric drive, become relevant in last systems as a consequence of the increased rate of variation of the common mode voltage.
Limitation of conducted EMI is essential to increase the reliability and the electromagnetic compatibility of electric drives [1] [2] [3] . Such an issue becomes particularly critical in multi-inverter systems composed of several drives connected on the same main line. In such systems, largely present in industrial plants as parts of robots, servo systems and production lines, high level of conducted EMI are easily reached, due to the composition of the common mode currents generated by single inverters. In commercial electric drives, common mode current reduction is generally achieved by adding suitable filters at the inverter output, noticeably increasing costs and sizes. Alternatively, it is possible to act on the sequence ofthe inverter states using some specifically developed Pulse Width Modulation (PWM) strategies [4] [5] . Such a techniques allow to effectively reduce common mode currents, but at the cost of a phase current distortion at high modulation indexes. A four legs inverter topology has been also proposed, that exploiting a suitable PWM strategy, able to keep constant the common mode voltage, thus theoretically eliminating common mode currents. However, such an approach requires an additional inverter leg, that increases the complexity of the system. In the present paper, an inexpensive solution is proposed that allows to compensate the common mode voltage variation in multi-inverter drive systems without influencing the normal system operation at industrial frequencies. The proposed solution consists in a proper PWM strategy and in an high frequency connection of inverters by mean of high-pass filters. The high frequency connection allows to consider any two motor drive as a 6 wire system and any three motor drive as a 9 wire system at the high frequencies of the conducted emission. The PWM strategy selects the state sequences for each inverter and synchronizes the switching times, therefore, the common mode voltage of the global system is kept constant and no common mode currents ideally flow outside the drives along the ground and the mains. The low frequency voltage reference vectors of each motor are controlled independently. The suggested technique is developed in this paper for multi-inverter systems with two and three induction motor drives, but it can be applied to any multi-inverter ac motor system by suitably partitioning the drive set. In a multi-drive system, the total common mode current flowing through the ground and the main is the sum of the common mode currents generated by each single drive.
The proposed idea is to connect the inverters by mean of three phase RLC filters, and to manage the sequence of the inverter states in order to maintain constant the global common mode voltage of the system. In the following, the proposed approach will be developed for two and three inverter systems.
Thus, by suitably grouping the inverters it is possible to apply the proposed approach to a system composed of any number of inverters.
The Proposed Approach
As the common mode current path behaves as a high pass filter, common mode currents can be avoided by holding constant the common mode voltage. Unfortunately, in a single three phase inverter drive the common mode voltage cannot be kept constant without generating stator current distortions. On the contrary, by suitably connecting a multi-inverter system it is possible to manage the sequence of the inverter states in order to obtain the correct phase voltages and a constant global common mode voltage.
A system composed of any even number of inverters can be partitioned in a set of two inverter subsystems. Instead, systems composed of an odd number of inverters can be partitioned in a set of two inverter subsystems, plus a single three inverter subsystem. Consequently, by solving the problem of keeping constant the global common mode voltage in two and three inverter systems, it is possible to deal with system of any number of inverters.
The proposed approach is firstly developed for a two drive system. Common mode voltages of two drives connected to the same main line are given by:
Interconnecting the two inverters by the three phase RLC filters, as it is shown in Fig. 1 , a six wire system is obtained, whose common mode voltage is given by:
then, selecting vcm to zero:
By fulfilling condition (5) common mode currents are forced to flow inside the two inverters, through the RLC filters, without influencing the machines, neither the ground, nor the main. Conducted common mode electromagnetic emissions and ground currents are consequently avoided. To accomplish condition (5), a suitable PWM technique has been developed based on the Space Vector Modulation (SVM) approach. As shown in Fig. 2 and according to the proposed PWM strategy, the reference voltage vector is synthesized by mean of four inverter states, represented in the space vector plane by vectors X, Y, Z and W . As shown in Fig. 3 , the switching period is halved into two equal time segments. Inside the first time segment voltage modulation is performed by using only two odd states X and Y1 in one inverter and two even states Z2 and W2 in the other. According to Tab. I and eqs. 2 and 3, voltages v'',,, and v"cm are equal to -Vy/6 and VDo/6, respectively. As a result, the condition (5) is fulfilled and the global common mode voltage vcm is zero. Inside the second time segment, two even inverter states 21 and W1 are used in the first inverter and two odd states, X 2 and Y2 , in the second. At t=T/2, vcm and v"cm switch to VDC/6 and -Vr/6, respectively, again satisfying eq. 5.
Synchronization of common mode voltage variations at T12 and synthesis of the two reference voltages are obtained by computing the switching times tx1,ty1, tz1, twt,'tx2,•ty2; tz2; tw2 through the following equations: Reduction
At t=T,12 variations of v'cm and v "cm generate common mode current pulses with opposite signs, that flowing through the RLC three phase filters, circulate along the drawn path, without affecting the machines and the ground not generating conducted electromagnetic emissions. Under the hypothesis that the inverters are equipped with power devices having similar dynamic features, the proposed strategy allows also to obtain a full compensation of common mode currents.
In order to hold constant the global common mode voltage in systems composed by three inverters the previous approach must be slightly modified. As shown in Fig. 4 , the switching period in the three inverters is divided into three equal time segments. On inverter 1 along the first time segment two odd states X and Yl are only used to perform the voltage modulation while two even states 21 and Wt are used in the other two time segments. Accordingly, the common mode voltage switches at t=0, from Vy/3 to -Voc/3 and at t=T./3, from -VDc/3 to Vy/3. 
Experimental Results
An experimental evaluation of the proposed approach to two and three inverter systems has been carried out. The systems consist of two or three 5 kW IGBT inverters switching at 10 kHz and connected to the same DC bus. The blanking time has been settled to 1µs for all the three inverters, feeding two or three four poles induction machines. Several experimental tests have been performed. In Fig. 6 , the measurement scheme of common mode voltages and currents is shown. In Fig. 8 and Fig. 9 common mode voltages and ground currents are shown, obtained using an adjacent state SVM technique. In Fig. 10 , total ground current spectra are presented, obtained using the SV and the Sine/Triangle modulation techniques. The ground current generated by each drive, as well as the total ground current, are shown in Fig. 13. In Fig. 14, a comparison between the total ground current spectra are reported, obtained with the proposed approach, the SV and Sine/Triangle modulation techniques.
The main peaks present in the low frequency range of the spectra considered, depend by the harmonics of the modulations technique and by the reflection phenomena in cables. By adopting the proposed approach ground currents are noticeably lowered. Finally, current flowing through RLC filters are shown in Fig. 15 .
In Fig. 16 , the phase currents in a three drives system are shown, obtained when the three machines are supplied at 50 Hz. In Fig. 17, v'cm v "cm and v are shown, while the total common mode voltage v. is reported in Fig. 18 .
Ground currents recorded on the three drive system are shown in Fig. 19 , while the currents flowing through RLC filters are reported in Fig. 20 . As a comparison, the ground currents obtained using a standard Sine/Triangle modulation technique are shown in Fig. 21 . In Fig. 22 , a direct comparison among the total ground current spectra is reported, obtained in a three drives system using the proposed approach and a conventional Sine/Triangle modulation technique.
As it is possible to observe, the ground current spectrum amplitude performed by the proposed approach is much lower that in the conventional case.
Finally, in Fig. 23 a comparison between the ground current spectra obtained using the proposed approach in two and three drives systems is reported, showing that the proposed approach acts quite similarly. Proposed approach, total ground current frequency spectrum: (a) two drives system, (b) three drives system. 
